The residual value of phosphorus addition is described by two reactions: a quick initial reaction followed by a slower reaction over time. In this study, the residual effect of two P sources was evaluated: monopotassium phosphate (MKP) and triple superphosphate (TSP) added to soils from Ecuador and Chile with contrasting soil P retention capacity. Olsen-P extractability was measured and compared in soil samples 1, 2, 4, 8, 15, 45, 90, 180 and 360 days after the addition. The Olsen-P extracted at 24 hours after the P addition varied among soils, and extracted between 10 and 66% of the P added depending upon the soil, with lower extraction values in soils with high P retention capacity. When the source was TSP, only approximately 70% of P was extracted compared to that extracted when MKP was added. After the phosphate addition there was a clear initial effect followed by a progressive loss of Olsen-P extractability. Furthermore, over time, a state of quasi-equilibrium or a stationary state become evident in which the loss of P extractability was minimal. When the initial effect was removed, as a point that characterizes different types of soils, the loss of P extractability was similar among soils, and reflects the amount of phosphate added despite the type of fertilizer used.
Introduction
During a growing season, only a small fraction of the P added to a soil is removed at harvest time, leaving a fraction of it available for subsequent crops (McLaren et al., 2016) . That fraction is called the residual value of the P applied (Syers et al., 2008) . The reactions between P and the soil matrix have been characterized as fast and slow reactions (Barrow, 1983; Barrow, 2015) .
The fast reactions are principally dependent upon the type of colloid and its proportion within the soil, while the slow ones are related to the laws that govern the intra-particle diffusion of ions (Barrow, 2017) . When a particle of P fertilizer is added to the soil it quickly hydrates, initiating an emission of phosphate ions, which delimits a soil volume of influence (McLaughlin et al., 2011) which is characterized by two zones differing in their concentrations, a higher concentration of phosphate where precipitation reactions are dominant, while reactions of adsorption predominate with lower concentration. Phosphorus fertilizers have an effect on the soil within the volume of influence of each unit of fertilizer depending on the type of fertilizer composition and solubility (Montalvo et al., 2015) .
The Andes Mountains have had a strong influence on the formation of the diverse soil orders in Ecuador (Buytaert et al., 2007) and Chile (Luzio, 2010) , by conditioning soil formation factors over time, such as parent material, topography, climate, and biologic activity (vegetation, macro and microorganisms). In Ecuador and Chile, the most representative soil orders include the Entisols, Vertisols, Inceptisols, Andisols, Mollisols, Ultisols and Alfisols (MAGAP, 2002; Luzio, 2010) . Nevertheless, from the agronomic point of view, the Ecuadorian and Chilean Inceptisols and Andisols are of greatest interest since they represent more than 65% of their arable land (MAGAP, 2002; Luzio, 2010 ). An important characteristic of soils formed from volcanic materials is their high P retention capacity (Velásquez et al., 2016) , which is reflected by the high P rates required to increase the available P in these soils (Rodríguez et al., 2001) . The retention of P of Andisols varies among them but is higher than Mollisols, Alfisols, Entisols, Inceptisols and Ultisols.
The soil chemical test used to estimate the P availability in soils is validated by the proper calibration between the soil test value and the agronomic productivity and/or P uptake observed (Havlin et al., 2005; Ziadi et al., 2013) . When these tests are properly calibrated they are used as tools to diagnose the fertility of a soil, in such a way that it has been possible to predict crop productivity or the productive response to a specific rate of P fertilizer (Sandaña y Pinochet, 2014) . Ziadi et al. (2013) have shown that many methods are used to estimate P availability around the world. For instance, the Mehlich-3, Olsen and Kelowna methods are currently used in Canada, the Olsen, Bray-P1, Mehlich-3 and Morgan methods are used depending on the State in the United States, the Olsen, Bray-P1, and Morgan methods are used in Latin America (Ziadi et al., 2013) , and in Chile and Ecuador the Olsen test is formally used (Cordova et al., 1996; Rodriguez et al., 2001) . Once a soil chemical test is adopted to estimate P availability, it is difficult to change, since the agronomic information related to fertilization practices of crops are generated on the basis of that methodology (Matus et al., 2005) .
The agronomic value of Olsen-P to estimate the P available to crops (Selles et al., 2011) justifies the evaluation of the loss of P extractability and the residual value of P added from different types of phosphate fertilizers and in different types of soils in relation to soil P retention over time (Javid and Rowell, 2002; Barrow, 2015) . We evaluated mainly soluble sources, assuming that all soluble P added would transfer into the soil solution and from there it would be subject to reactions with the soil, depending on the ability of each soil to retain P (Frossard et al., 2011) . In this context, it is argued that the initial effect on P extractability is dependent on the retention capacity of each soil. After which, discounting that initial effect, the extractability among different types of soluble fertilizers and different types of soils would be similar and would depend on the diffusion of intraparticles in the soil. Consequently, this study evaluated the residual effect of P added, by measuring the loss in P extractability with Olsen-P test, in soils from Ecuador and Chile with different P retention capacity in an experiment of soil-fertilizer incubation.
Materials and Methods

Soil sample characterization
The soil samples were collected in seven locations in (Beinroth et al., 1985) . Three Chilean soils were also included, which are known to have differences in their P retentions. Malihue is classified as an Andisol, Cudico as an Ultisol and Rancagua as a Molisol (Rodriguez, 1993; Luzio, 2010) . All of the soil samples were dried at air temperature and sieved at 2 mm. The P retention of the soil samples was measured using the method described by Saunders (1965) To characterize the initial P reaction, each soil sample was treated with a KH 2 PO 4 solution to add 100, 200, 300, 400 and 500 mg P kg -1 (Sharpley et al., 1984) .
After 24 hours of incubation at a temperature of 25 ºC and a constant humidity (70% of maximum water retention capacity), Olsen-P was determined. The relationship was lineal and the slope between the P added and the P extracted by the Olsen-P test was referred to as the CP value of each soil (Rodríguez, 1993) .
Long-term incubation of soil samples with the fertilizer
For this experiment, two sources of P with different degrees of solubility were selected, KH 2 PO 4 (MKP, a completely soluble phosphate) and commercial triple superphosphate (TSP, with a relatively high solubility in water). The TSP was ground and characterized according to the methodologies described by the AOAC (1990). The TSP showed a total P concentration, water solubility and citrate solubility of 204.1, 142.0 and 33.7 g P kg -1 , respectively. A unique rate of 500 mg P kg -1 was used for the long-term incubation and a control with no P application was also considered. Each treatment was incubated in two repetitions for each soil and for each incubation time. The soil samples were put into containers of polyethylene and treated with the fertilizer sources. The containers covers were perforated to favour aerobic conditions. KH 2 PO 4 was applied once it was diluted in water and TSP was applied in its solid form. The soil samples were incubated at a constant temperature (25 ºC) and humidity (70% of maximum water retention capacity) for a period of 360 days. The samples' loss of humidity was compensated for every seven days.
Evaluation of the extractability of P added
The extractable Olsen-P was measured after 1, 2, After the extraction process, the concentration of P was determined in the soil free extract by using colorimetry (Sadzawka et al., 2004) .
Statistical analysis
To describe the actual effect of the new P added on time, to each Olsen-P value measured it was subtracted the respective control Olsen-P value (the Olsen-P value when no P was added). Through a regression analysis the Olsen-P extractability was described in relation to the incubation time (1, 2, 4, 8, 15, 45, 90, 180 and 360 days) , establishing an exponential model of only one phase of association [a + b*(1 -exp-k*X)] which was assessed considering the value of R2 and the estimation error (Sy.x). The difference among the sources of P added was evaluated using a t-test at 5%
to compare the parameters related to the loss of extractability of Olsen-P (k). Furthermore, the parameters of the exponential equation, "a", "b" and "k" were related to CP and expressed in relative terms to their values. To remove the initial effect of the P retention capacity of each soil, the data were modelled in accordance with relative Olsen-P (OPRelative). The
Olsen-P measured on day one (OP1) was expressed in a relative value of 1.0; once the process of incubation began in the fertilized soil subsequent measurements of Olsen-P (OP>1) were related to this unit, registering their proportionality with regards to the Olsen-P measured on day one (Equation 1). Where, OP>1 represents Olsen-P measured after 2, 4, 8, 15, 45, 90, 180 and 360 days of incubation and OP1 is provided by the Olsen-P measured after a day of incubation of the soil incubation.
Eq. 1 The values of the P extracted by Olsen-P from TSP and MKP were related, a linear relation was found, independent of the soil type (Figure 2 ). The fitted equation showed a slope of 0.695, implying that when the source was TSP the amount extracted was approximately 70% of the Olsen-P extracted when the source was MKP (Figure 2 )..
The soil samples were characterized in terms of their P retention capacity according to the Saunders methodology. The Saunders retention index was related to the initial retention of the P added after 24 hours of incubation (CP represented by the slope in Table   2 ). A general relationship was described between Saunders Index (%) and CP (mg kg -1 /mg kg -1 ) (Y = 0.71 -0.0058X; R 2 = 0.917, Sy.x = 0.06) showing that when the Saunders index was zero (no retention), the maximum recovery in Olsen-P was 71%
of the P added. With the increase of the P retention according to the Saunders index a decrease in the P extracted by Olsen-P until when Saunders indicates 100% of retention the Olsen-P extracts 13% of the P added.
The relationships among the CP parameter and the parameters of the equation fitted to the residual value of the P added to soils are shown in Table 3 . The linear relations between CP and the "a" and "b" parameters of the fitted equation were adequate for all the soils and varied with the soil type according to each soils' retention capacity. The CP value was able to explain over 90% of the changes observed in the "a" and "b" parameters. Nevertheless, the proportion of the increase of a and of b (Table 3) which corresponded to each unit of CP differed (p < 0.05) depending on the source of soluble P, being greater when the source was MKP compared to TSP. The "a" and "b" parameters proved to be linearly related (Table 3 ). When analysing the CP variation in relation to the k parameter of the equation, the variation in the relationship was not clear. The tendency to decrease the k parameter value with an increase in the CP value was not significant (p > 0.05, Table 3 ). Because the "k" parameter values were not significant different among soils, it was possible to describe a general kinetics for the P added to the 10 soil samples over time, expressing Olsen-P extraction in relative term and discounting the initial effect on the P residual value.
The differences among the types of soils evaluated and among the fertilizer sources evaluated did not affect the kinetics of P added in function of time. The "a" and "b"
parameters of the new fitted equation were shown to be very conservative under the conditions of this study (Y = 1.004 -0.470 (1 -exp(-0.081 X); R 2 = 0.921; Sy.x = 0.06). Furthermore, it was possible to observe that the maximum amount of Olsen-P extraction did not exceed 53% (365 days after the P addition) of the P extracted immediately after the P addition (24 hours after the P addition), that is to say that 47% of the Olsen-P initially extractable could not be recovered by the Olsen-P extraction. The equation also showed that the maximum half-life registered did not exceed 9 days.
Discussion
The soils P retention capacity was related to colloids reactivity, influencing P availability, and was shown related to Al extracted by ammonium acetate with a pH of 4.8 (Al ext .) which is used in Chile to estimate the soil P retention (Rodríguez et al., 2001) . No clear relations were found with the clay content, implying that colloids reactivity was differed among soils (Javid and Rowell, 2002) . The residual value of one P application showed that the extractability declined over time until reaching a stationary state, or nearly so. This was similar in all of the studied soils, and was described using non-lineal models (Motulsky, 2007 ) as had been previously described using Olsen-P by Barrow and Mendoza (1990) and for Chilean soils by Pinochet (2000) . Nonetheless, it has never been described for Ecuadorian soils and they showed similar behaviour. The tendency to reach a stationary state after the initial reaction was apparent after 60 days of incubation at 25 °C and shows that the initial reaction continues for a period of time until a steady state is reached between the soil and phosphate applied. The fact that only one general equation describes the process in all of the soils indicated that the initial Olsen-P value is related to its final value in all of the soils evaluated. Thus, P retention appeared to be regulated by a constant rate of loss of extractability (k in the equation fitted, Figure   1 ) declining over time until reaches a stationary state.
The fact that k parameter was not related to the reten- tion capacity of the studied soils, implying that the loss of P extractability in Olsen-P over time is most likely related to phenomena that occur in the initial reaction between the fertilizer and the soil. This could be related to the initial phosphate precipitation after the fertilizers dissolution (McLaughlin et al., 2011) . Consequently, after the initial precipitation, resolubilisation occurs (Montalvo et al., 2014) and the P reactions are thus governed by diffusion, and a stationary state, similar to equilibria, is reached (Barrow, 2015) . This would explain the process of construction and preservation of phosphorus fertility used in Chile in the soil recovery program after P depletion, which was modelled by Pinochet (2000) .
The increase of P availability indicated by Olsen-P, after the P application, has also been demonstrated in Ecuadorian Andisols (Cordova et al., 1996) and Inceptisols (Aulakh et al., 2007) , cultivated with potatoes and corn, respectively. Furthermore, this phenomenon has been described by Syers et al. (2008) and was proposed as a model by FAO for many soils.
The Saunders P retention index was related to the quick retention capacity of the soil measured by Olsen-P after 24 hours of the P application (CP).
This shows that both parameters were related, implying that CP could be used as a P retention index of soils. A similar parameter was used by Rodriguez (1993) in almost all types of Chilean agricultural soils to characterize them according to their P retentions. The strong affinity between both ways of measuring P retention implies that this trait is also related mainly to colloids. Its advantage over the Saunders index is that CP discriminates varies well among different types of Andisols, which must be over 90% according to the Saunders index in order to classify as an Andisol. This narrow range would be adequate for classification purposes, but is insufficient for soil fertility management.
As was expected, the CP parameter was also related to the "a" parameter of the exponential equation fitted to the residual value of applied P, ratifying that both the CP and "a" parameters were related to the P retention capacity of the studied soils. Regardless of the initial magnitude of the Olsen-P value after a P addition (P added minus the P extracted 24 hours after this addition), the loss of P extractability was highly associated in neutral to acidic soil with its colloid mineralogy, humus-aluminium complexes, or the presence of Fe hydroxides presence (Redel et al., 2015) . Also, in in neutral to alkaline soils, the loss of extractability was related to the clay mineralogy and changes in the presence of free CaCO 3 content (Javid and Rowell, 2002) .
Both fertilizer sources evaluated were mainly soluble;
the P in TSP is 70% soluble in water and that in MKP is 100% soluble in water, which has been previously reported (Schefe et al., 2007) . The fact that in all of the studied soils the Olsen-P extracted more from MKP than TSP treatments is interesting and the slope of the linear relation almost coincides with the 70% of water solubility of the P content in TSP could imply that the values provided by the Olsen-P test account for P which is solubilised in the soil and do not for P that was not solubilised, which could remain in other reservoirs that are not detected by Olsen-P. This could have implications on the evaluation of the P that is accumulating in soils, indicating that Olsen-P values only report the P that is solubilised.
When the effect of the initial fast reaction was eliminated and P-Olsen extractions were expressed in relative terms (for all soil samples evaluated), the Olsen-P extractability was well explained by only one equation as a function of time (R 2 > 0.90, n = 180). This supports the assumption that fast reactions depend on colloids and their proportion in the soil, while slow reactions depend on the laws that govern the dissemination of ions (Barrow, 2015) . The close relationship observed between the "a" and "b" parameters of the exponential equation with respect to the CP (R 2 > 0.90) was also consistent with the P retention index of the soil, which had a considerable effect on the initial loss of P extractability, and all the soils were similar over time in the loss of extractability.
Conclusions
After adding fertilizer there is a marked initial effect followed by a progressive loss of Olsen-P extractability. Furthermore, over time, a state of quasi-equilibrium or a stationary state is evident, during which the loss of Olsen-P extractability is minimal. The initial effect of the fertilizer's addition and the similar loss of P extractability among the various soils could be independent of the type of fertilizer (MKP or TSP).
When the initial quick reaction in soils was removed, the rate of the loss of extractability was similar in the diverse soils, regardless of the degree of the reactivity of P with the soil and the source of the soluble P fertilizer (MKP or TSP). The effect of time in the relative residual character of Olsen-P can be relatively well explained by an exponential model of a decline phase, which suggests that after a fertilization event, the P concentration reaches a stationary state at a higher level regarding the concentration before the fertilization event.
